adrenocortical carcinoma is generally considered a single entity by pathologists and clinicians. nevertheless, the knowledge cumulated along the last decade on the pathological characterization, the clinical outcome and the molecular pathogenesis of adrenocortical carcinoma demonstrate that one of the most relevant emerging issues is related to its heterogeneity. Three major morphological variants have been described (oncocytic, myxoid and sarcomatoid) but are not included in the current WHO classification, yet. Moreover, even "conventional" adrenocortical carcinomas have a high degree of morphological heterogeneity as well as different mitotic/proliferative capacity, either among different cases or within individual lesions. Furthermore, immunohistochemical and molecular studies, based on a wide set of different methodologies, identified novel biomarkers in adrenocortical carcinoma of diagnostic and prognostic relevance, which claimed again the concept that this tumor type represents an heterogeneous group of neoplasms which cannot be considered a unique entity. The integration between morphology, immunophenotype and molecular data is expected in the next years to build a novel concept of adrenocortical carcinoma classification into specific subgroups, as it is currently approached for other types of neoplasms such as breast or lung cancer, which are not merely descriptive, but also characterized by a specific biological and clinical behavior.
IntRoduCtIon
When facing an adrenal neoplasm, pathologists are asked to solve three major issues: first, to differentiate adrenocortical primaries from metastases and other primary tumors of the adrenal gland such as medullary tumors and sarcomas; second, to distinguish adrenocortical adenoma from carcinoma; third, to predict the clinical behavior of carcinoma. in the last decades, a notable progress has been obtained to better refine the diagnostic criteria of adrenocortical neoplasms, with special reference to the first two above points, thus limiting the number of problematic cases. The available diagnostic systems, such as the Weiss Score (1), have been more widely adopted worldwide and simplified (2) , or were implemented by alternative approaches (3) . However, adrenocortical carcinoma (aCC) is generally considered a single entity by pathologists and clinicians. no specific variants are described in the current WHO classification (4) , nor a grading system is currently validated. nevertheless, the experience made at our institution on large series (3, 5) , as well as the knowledge cumulated along the last decade on the clinical outcome and molecular pathogenesis of aCC, demonstrate that one of the most relevant emerging issues is related to aCC heterogeneity. in fact, at least three morphological variants exist and even "conventional" aCCs have a high degree of morphological heterogeneity, either among different cases or within individual lesions. Concurrently, the clinical outcome of aCC patients is variable and poorly predictable, including cases with an indolent clinical course and tumors having an aggressive and fatal outcome. Finally, aCC have a heterogeneous molecular background, which is apparently unrelated to the morphological features.
based on the aforementioned, in this review we will focus on the morphological, immunophenotypical and molecular features, which support the concept that aCC is an heterogeneous disease and possibly have an impact on its pathological classification as well as on its clinical management and prognostic stratification.
AdRenoCoRtICAl CARCInoMA VARIAntS oncocytic Adrenocortical Carcinoma
Oncocytic adrenocortical neoplasms are the most represented among the morphological variants of aCC, accounting for approximately 18% of aCC at our institution (6) . They are characterized by the presence of large and pleomorphic cells with a granular and deeply eosinophilic cytoplasm, which may be predominant or represent a minority of the tumor cell population. The architectural features may vary from solid growth to trabecular to glandular (Figure 1a,b) . Such features are overlapping those of oncocytic neoplasms of other sites, such as the thyroid and salivary glands, and similarly to these sites the mitochondrial Dna "common deletion" (4977 base pairs) has been found in approximately 40% of cases, more frequently in borderline and benign tumors (6) . in the presence of predominant oncocytic features, the Weiss Score is inadequate to define malignancy, as three out nine parameters (eosinophilic cytoplasm, high nuclear grade and diffuse architecture) are intrinsically present. Therefore to avoid an over-diagnosis of malignancy in this special subset, and alternative approach, the Lin-Weiss-bisceglia system was specifically proposed and defines oncocytic aCC in the presence of at least one of three "major criteria" (mitotic rate >5x50 high power fields, atypical mitoses, and/or venous invasion), and oncocytic adrenal cortical neoplasm of borderline malignancy in the presence of at least one of four "minor criteria" (necrosis, capsular and sinusoidal invasion, size >10 cm or weight >200 g) (7) . This classification correctly predicts the malignant potential of these tumors, which indeed have a more favorable prognosis as compared to conventional aCC (8) . Diagnostic algorithms alternative to the Weiss Score, such as the reticulin algorithm, also proved effective in correctly taking benign apart from malignant cases (6) .
Myxoid Adrenocortical Carcinoma
Extracellular deposits of myxoid material characterize the myxoid aCC variant ( Figure 1C,D) , which accounts for approximately 10% of cases (9, 10), although focal myxoid areas (<20% of the tumor) can be rather frequently observed also in otherwise conventional aCC. Moreover, 
A C B d
Moreover, aCCs very frequently display a mixture of different patterns, either in terms of architecture or of cytological features. nevertheless, no data are available in the literature trying to correlate peculiar growth patterns or the presence of marked intratumoral heterogeneity with specific biological or clinical characteristics. in addition, in rare cases of aCC intratumoral heterogeneity is represented by a tumor component morphologically resembling adrenocortical adenoma and characterized by the preservation of the reticulin framework and mitotic/ proliferation indexes much less pronounced than the overtly malignant component (5) . although only anecdotal cases have been reported in the literature (16) , such cases are supportive of the concept of an adenoma-to-carcinoma pathogenetic sequence at least for a subset of aCC, which has been postulated also based on recent molecular findings (17, 18) . Myelo-lipomatous changes are much less frequent than in adrenocortical adenoma, but few cases have been reported (19, 20) . Marked pigmentation may occur in a subset of adrenocortical adenomas, thus called black adenomas, but exceptional cases of malignant pigmented adrenocortical neoplasm with late recurrence and metastasis associated with Cushing's syndrome have been also described (21) .
IMMunoPHenotYPICAl HeteRoGeneItY In
AdRenoCoRtICAl CARCInoMA in adrenal tumor pathology, immunohistochemistry is frequently employed to differentiate adrenocortical lesions from medullary, non-endocrine and metastatic tumors. Melan-a (MaRT-1), alpha-inhibin, calretinin, synaptophysin, and the more recent Steroidogenic Factor 1 (SF-1) are the markers most commonly used to support the adrenocortical origin of a tumor, and novel markers such as D2-40 are under validation. SF-1 is apparently the marker having the best sensitivity (98%) and specificity (100%) (22, 23), while all other markers have a heterogeneous pattern of reactivity and are immunoreactive in a fraction of cases, only. However, such an heterogeneous expression has been poorly associated to specific tumor characteristics. alphainhibin was reported to be expressed mostly in androgen secreting adrenal cortical neoplasms (24) and to a lower extent in cortisol and aldosterone producing neoplasms. The immunohistochemical reactivity of myxoid and oncocytic aCC variants is similar to those of the conventional type (7, 9, 10) . However, in the myxoid variant, neurofilaments are more frequently and extensively expressed, as compared to conventional aCC (9) . Sarcomatous areas of sarcomatoid aCC usually lose the expression of adrenocortical specific markers such as SF-1 and Melan-a (Duregon unpublished this variant, independently from the abundance of myxoid material, is characterized by small to medium sized monotonous cells with mild to moderate nuclear atypia, scant lightly eosinophilic cytoplasm, and a trabecular, pseudoglandular or cribriform pattern of growth. as a consequence, in myxoid tumors, the Weiss parameters of diffuse growth and nuclear atypia are usually absent and the identification of invasive areas in the presence of abundant myxoid background might be hardly assessable, leading to the risk of underestimating malignancy. The clinical behavior of myxoid aCC is comparable to or sometimes more aggressive than conventional aCC, and in adrenal tumors with predominant myxoid stroma it is advisable to have a high index of suspicion for malignancy even in the presence of an apparently benign tumor at first glance.
Sarcomatoid Adrenocortical Carcinoma
aCC with a sarcomatoid morphology are extremely rare and to the best of our knowledge only 16 cases have been reported, so far. Sarcomatoid aCC are highly aggressive, and a cut-off of 10% of sarcomatous component to diagnose this unusual variant has been proposed, independently from the Weiss Score (11). based on the presence of spindle cell areas or a specialized mesenchymal component, (osteosarcomatous, chondrosarcomatous, rhabdomyosarcomatous or primitive neuroectodermal) they can be classified into sarcomatoid carcinomas or carcinosarcomas, respectively, although the clinical meaning of such a distinction is not assessed, yet.
MoRPHoloGICAl HeteRoGeneItY In ConVentIonAl AdRenoCoRtICAl CARCInoMA
Since the introduction of Weiss Score (12), the focus of pathologists has been captured to refine or replace this system in order to optimize the distinction between benign and malignant tumors. no specific attention has been paid to the different morphological aspects of aCC (with the notable exception of the three variants), conveying the idea that aCC are morphologically all the same. Conversely, within the so called "conventional" aCC, different morphological features can be identified and characterized by the predominance of either highly pleomorphic large cells, monotonous small to medium sized cells ("carcinoidlike"), or rhabdoid cells growing in alveolar structures (Figure 2a-D) . Five adrenocortical tumors of this latter group have been reported so far, one adenoma (13) and four carcinomas (14, 15) , and are characterized by a diffuse or alveolar growth of neoplastic cells with prominent eosinophilic cytoplasmic inclusions, eccentric vesicular nuclei and prominent nucleoli. results). Moreover, the heterogeneous expression of SF-1 has also been validated in multiple cohorts as a marker of poor prognosis when expressed at high levels (22, 23). accordingly, oncocytic aCC were found to have a lower expression of SF-1 in terms of intensity, as compared to conventional ones (23).
tHe ConCePt oF loW And HIGH GRAde AdRenoCoRtICAl CARCInoMA apart from the distinction between benign and malignant tumors, an emerging issue in aCC pathology is the definition of prognostic parameters, which might help the clinicians to define the most correct therapeutic strategies. in fact, the biological and clinical behavior of aCC is extremely variable, from indolent to very aggressive neoplasms. Weiss
Score per se was never demonstrated to bear a prognostic role by segregating tumors with low (i.e. Weiss 3) from those with high scores. Conversely, mitotic count represents a major parameter associated with patients' prognosis, and reflects the extreme heterogeneity in the proliferative capacity of aCC. a two-tier grading system exclusively based on mitotic count was developed with a cut off of 20 mitoses per 50 high power fields to separate low from high grade adrenal cortical carcinomas (25) . in our experience, a mitotic index above 9 mitoses per 50 high power fields was also an independent adverse prognostic parameter (3). Recently, phospho-histone H3 immunostaining was demonstrated to be a faster and reliable method to highlight mitotic figures, particularly useful in cases with low mitotic activity, thus producing a higher inter-observer (35) (36) (37) (38) . TP53 and CTNNB1 were confirmed as the most recurrent mutated genes across aCC genome. Moreover, among a variety of observed genetic alterations, recurrent homozygous deletions of ZNRF3 and KREMEN1 (35, 38) and TERT amplifications/promoter mutations (38) (39) (40) were more commonly found, all mutually exclusive. However, the correlation of molecular data with specific pathological (i.e. histological variant, proliferative capacity, peculiar morphological pictures) or clinical (i.e. stage, outcome) characteristics is still poor. in the paper by Ross et al. (36) , an amplification of the PDGFR-beta gene, which has never been described before, was found in an oncocytic aCC. in another study by our group, heterogeneous expression of selected miRnas was detected among aCC variants (41) . Moreover, a near-homozygous genome was demonstrated in a subset of 55% of oncocytic adrenal cortical tumors (42) , an event which occurs also in oncocytic thyroid and parathyroid neoplasms.
ConCluSIonS
For over 25 years, morphology has been the mainstay to differentiate adrenocortical carcinoma from adenoma. However, in more recent years, morphological heterogeneity was recognized as the hallmark to identify distinctive agreement (26) . Moreover, several groups proved that Ki-67 is superior to mitotic count to prognosticate aCC, although the optimal cut offs are still to be identified among those sp far proposed -by Duregon et al. (26) (<20%, 20-50% and >50%) and by beuschlein et al. (27) (<10%, 10-20%)-. in addition, as for several other cancer types, the mitotic/ proliferative activity within individual lesions is frequently heterogeneous (Figure 3 ) and the evaluation of hot-spot areas is preferable, as also recently suggested (28) .
MoleCulAR HeteRoGeneItY In AdRenoCoRtICAl CARCInoMA
Genomic, transcriptomic, methylome profiles and miRna have been investigated in the last decade to depict the molecular background of aCC, demonstrating also the existence of specific molecular subgroups strongly associated with poor and good prognosis. among the most studied genes, IGF2 has been found to be heterogeneously expressed both in indolent and aggressive tumors (29, 30) , suggesting that the alteration of the IGF2 locus with subsequent increase of iGF2 expression is an early event in a subset of aCC lacking specific biological and clinical characteristics. Conversely, somatic alterations of TP53 and CTNNB1 were found to be mutually exclusive and were observed only in poor-outcome aCCs (31), suggesting a late involvement of these mutations in adrenocortical carcinoma development. Genome-wide assessment of copy number changes (32) , Dna methylation studies (33) and aCC variants, which are not merely morphology-based, but also characterized by specific biological and clinical behavior, at least as far the oncocytic variant is concerned. in parallel, immunohistochemical and molecular studies based on a wide set of different methodologies identified novel biomarkers in aCC having a diagnostic and prognostic role. This further supports the concept that aCC belongs to a heterogeneous group of neoplasms and cannot be considered a unique entity. The integration among morphology, proliferative potential, tumor grade, immunophenotype and molecular data is expected in the next years to design novel aCC classification schemes that recognize specific clinically-relevant subgroups, as it is currently happening in other types of neoplasms, such as breast or lung cancer.
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